In South Africa, communal livestock farming is predominant in the foot and mouth disease control zone adjacent to the Greater Kruger National Park (KNP), where infected African buffaloes are common.
Introduction
A large area next to the Kruger National Park (KNP) and its adjoining private and provincial nature reserves (APNR) in South Africa, is used for communal farming of both livestock and crops. Although the World Animal Health Organisation (OIE) considers South Africa to be free from the foot and mouth disease (FMD) in areas where vaccination is practised, the KNP and APNR are endemic for FMD (Brückner et al., 2002; Vosloo et al., 2002; Scoones et al., 2010) , and this is due to the presence of the reservoir host of the disease, the African buffalo (Syncerus caffer) (Vosloo et al., 2006) . To this end, a fence was erected around the KNP in the 1960s (Joubert, 2007; Scoones et al., 2010) , and compulsory, weekly cattle inspections and bi-to tri-annual vaccination against FMD takes place at government livestock inspection points (IPs) within the area directly adjacent to the infected zone (the so-called protection zone with vaccination). Livestock in the remainder of the protection zone (protection zone without vaccina-tion) are inspected every fortnight and are not vaccinated. In addition, strict movement controls, enforced through a movement permit system, enable traceability of animal movements to, from and between IPs inside the protection zone (Brückner et al., 2002; Scoones et al., 2010; Vosloo et al., 2002) . This regular monitoring presents a unique opportunity to gain insight into some of the basic production and demographic parameters of this communally farmed livestock system. Land in these areas remains public property and is managed under communal tenure. Communal farming is an inherently different agricultural system to commercial farming enterprises (Behnke Jr., 1985; Giannecchini et al., 2007) and direct comparisons are not advisable (Abel, 1997; Swanepoel et al., 2000) . Nevertheless, productivity comparisons of these systems have been widely attempted, with the finding that, on a per animal basis, communal farming compares poorly to commercial enterprises, but on a per hectare basis, it performs as well, if not better (Barrett, 1991; Shackleton et al., 2005) .
Close to three quarters of the income of subsistence farming households in South Africa is generated by wages and salaries, often earned through jobs in urban centres, or social grants unrelated to the farming operation, with very little income derived directly from crops or livestock (Kirsten and Moldenhauer, 2006; Goqwana et al., 2008) . The benefits of livestock, cattle in particular, are not restricted by their financial value, and include various direct-use benefits such as meat, milk, manure, draught power, transport, and hides (Barrett, 1991; Scoones, 1992b; Swanepoel et al., 2000; Shackleton et al., 2005 , Dovie et al., 2006 . Much of the financial value of cattle is locked up as potential value, such that the animals act as a living savings account (Randolph et al., 2007; Shackleton et al., 2001) . Livestock have the further advantage over crops that they can be utilised at any time during the year (Vandamme et al., 2010) . Although a number of studies have been conducted within the communal livestock farming area along the western boundary of the KNP (Swanepoel et al., 2000; Dovie et al., 2003 Dovie et al., , 2006 Shackleton et al., 2005; Nthakheni, 2006; Stroebel et al., 2008 Stroebel et al., , 2011 , none of these considered the heterogeneity within the larger area explicitly, since they mainly focused on individual communities.
This paper aims to provide quantitative data on the heterogeneity and spatio-temporal trends of the cattle population of roughly 350,000 animals found in the control zone described. It was felt that baseline demographic information and population trends could aid disease risk assessments, surveillance and control in the region, activities which currently do not explicitly consider such heterogeneities.
Materials and Methods

Study sites
The study was conducted in three sites (North, Centre and South) along the western boundary of the KNP and APNR. Figure 1 shows the location of these sites, which were originally selected based on a combination of areas perceived by local experts to be at high risk of FMD outbreaks (due to African buffaloes straying from game reserves and coming in contact with cattle) as well as the perceived differences between the sites with regard to land use, population density and general environmental conditions.
All three sites are situated in the Lowveld region of northeastern South Africa, a low altitude area characterised by hot summers, during which the peak rainfall occurs (November to February), and mild, dry winters. Prior to 1994, these sites formed part of the former Venda and Gazankulu homeland states. The three study sites comprised 38 IPs in total (North: 10; Centre: 12; South: 16), all of which are in the FMD protection zone with vaccination.
Census data
Data on the number of people and households were obtained from the 2001 national census (Statistics South Africa, 2001) . Numbers per IP were derived using the centroids of census polygons falling inside the IP boundaries as determined by the density analyses.
Livestock data
During the compulsory weekly inspection of cattle for FMD, cattle population data are collected by animal health technicians of the provincial state veterinary services. These data are kept in a livestock register on a per owner basis and aggregated per month at an IP level. Data for this study was retrieved from routine monthly aggregate hard copy reports of the livestock register and entered into an electronic database for the period January 2003 to December 2007 (Table 1) . The livestock register data did not contain detailed information on the age and gender composition of the cattle population (other than calf numbers) and therefore the calving rate reported represents calves born as a proportion of the total cattle population, rather than just cows, as is the convention.
Article
Conception time series
Based on the calving data, a conception time series was created using a nine-month gestation period lag.
Net permit movements
The net movement of animals by means of permits was calculated by subtracting outgoing permits from incoming permits at each IP. Negative permit figures therefore reflect a net movement away from an IP.
Off-take
Since some of the data only contained net permit movements, we could not separate incoming and outgoing permits to work out crude off-take/import rates. Hence, we only calculated net off-take, being the sum of net permits movements and slaughter per year in relation to the median number of cattle at a particular IP within the same year.
Own/local consumption
Total number of cattle slaughtered per year in relation to the median number of owners at that IP, during the same year.
Density
Areas used for the calculation of cattle densities in the southern site were based on historic farm boundaries (so-called parent farms). No such farm boundaries existed for the northern and central sites, so areas here were based on Thiessen polygons derived from the location of the IPs. Thiessen polygons define the area around sample points, so that any location within each polygon is closest to its sample point (ESRI, 2009) . The choice of area delineation was confirmed by cattle tracking data collected in a related study in all three sites as described by Van Schalkwyk (2015) . Where subdivisions of IPs existed (e.g. where two groups visited the same IP location, but bearing a different IP designation -e.g. Ireagh A and Ireagh B), cattle numbers were aggregated for density calculations.
Cattle/owner ratio
Since these data were aggregated per IP, we did not have numbers at the owner level. The cattle to owner ratio was thus used as a proxy for the mean herd size at a given IP location, even though a large amount of the variability in individual herd size was inherently lost (Behnke Jr., 1987; Swanepoel et al., 2000; Mapiye et al., 2009a) .
Proportion of households keeping cattle
The number of cattle owners divided by the census households in the area of the IP can be used as an indication of the proportion of census households keeping cattle (making the assumption that no more than one cattle owner resides in each household).
Missing data
In the three study sites (North, Centre and South), 68.8, 84.3 and 71.6% of the monthly records, respectively, were complete for the study period (74.9% overall). Missing data points were imputed by linear interpolation and by carrying forward or backward the closest observation where missing values were at the beginning or end of a time series. Missing net permit movements for the current month (Pnet,t) were calculated after interpolation of the total number of cattle (Nt) in the current month (t), the number of cattle in the previous month (Nt-1), the births in current month (Bt), the mortality in current month (Mt) and the number of animals locally sold/slaughtered in the current month (St) using the following formula:
Linear interpolation had no influence on the variance of the final dataset. Two IPs opened and one closed during the study period; data for the periods when these IPs did not function were not imputed and instead retained as true missing values.
Environmental data
The normalised difference vegetation index (NDVI) is a ratio of the Article [Geospatial Health 2016; 11:338] [page 85] and is generally used to assess the health and density of vegetation (Carroll et al., 2004; Klingseisen et al., 2013) . NDVI data from 2001 to 2008 with a 16-day interval were obtained from the United States Geological Survey (2013) and de-noised using a cubic spline interpolation (Scharlemann et al., 2008 The year refers here to the 12-month period from 1 July through 30 June. This was used in the analysis of the livestock data rather than calendar years to avoid splitting rainy and/or calving seasons, which peak around the beginning/end of the calendar year.
Statistical analysis
General statistical analyses were conducted using R (R Core Team, 2013) and Microsoft Excel 2007 (Microsoft Corporation), while spatial analyses were done using IDRISI Andes (Eastman, 2006) , ArcGIS, version 9.3.1 (ESRI, 2009) and Hawth's Analysis Tools for ArcGIS (Beyer, 2004) . Space-time cluster analysis was done using a discrete Poisson space-time scan statistic in the SatScan software package, version 9.1.1 (Kulldorff, 1997) . Figures reported in text refer to the median followed by the interquartile range in brackets, unless otherwise specified.
Time series decomposition
This was used to split time series values for livestock data into i) a trend component (calculated by a moving average: symmetric window with equal weights); ii) a repeating pattern component within each year (also known as the seasonal component), which averages each point in the time series over the entire period, after trend removal; and iii) the remainder (noise) (decompose function of the R Stats package; Cowpertwait and Metcalfe, 2009 ).
Index
The Gini index was used to assess seasonality in birth, mortality and off-take. It measures statistical dispersion in a dataset, and can be seen as a quantitative measure of clustering in data (temporal in this case). A Gini index of zero signifies perfect equality, e.g. all months having equal calving frequencies, compared to one, where all births would occur in a single month (Gastwirth, 1972; Lee, 1996) .
Cross-correlation
The cross-correlation function in the Stats package of R was used to compute the correlation between two univariate time series spanning the same period, each at a different lag period. Where necessary, time series were log transformed. Since we were also interested in correlation of the seasonal components of these time series, seasonal components in the time series were not removed (Cowpertwait and Metcalfe, 2009 ). Table 2 gives an overview of the biophysical and demographic characteristics of the study sites. A strong, latitudinal gradient in human population densities can be observed, with the lowest densities occurring in the North. This gradient is also reflected in the land cover (Table 3 ) of the three study sites. The relatively high proportion of subsistence cultivation found in the southern site was not proportional to the increase in population, with the area of subsistence cultivation per household higher in the northern [1.10 ha (0.57-2.16)] and central site [0.90 ha (0.54-1.33)] than in the South [0.24 ha (0.17-0.30)]. Despite subsistence cultivation areas providing potential seasonal fodder (Herrero et al., 2010; Rocha et al., 1991) and bare areas being lush green with annual grass and herbaceous plants in the early rainy season (personal observation), they were not considered as potential grazing areas due to the inconsistent nature in this respect. Less than half (43.9%) of the southern site could be regarded as potential grazing area, compared to 91.4% in the northern area and 78.4% in the centre.
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Results
Land use
Cattle numbers and densities
Total cattle numbers for each study site are shown in Figure 2 with the dashed line depicting the temporal trend after removal of seasonal fluctuations through time series decomposition of the data.
The northern and central sites showed an overall decrease of 15.1 and 2.9%, respectively, in total cattle numbers over the five-year study period, whereas a 28.6% increase in the number of cattle was recorded in the South, corresponding to an annual growth rate of 5.15%. Notwithstanding, fluctuations of 35-42% were recorded in all threestudy sites over the study period.
Time series decomposition revealed a seasonal pattern in the cattle numbers of all three study sites. The fluctuation ascribed to seasonal variation, evaluated as a percentage of the median number of cattle in the study area, showed that seasonal variation was only responsible for 4-6% of the fluctuation in the northern and central sites, and less than two percent in the South.
The median proportion of calves in the cattle population in the other two sites differed significantly from the central site, i.e. 19.37% (14.16-23.40) vs 11.91% (8.21-16.98) and 10. 71% (6.95-16.53 ) in the northern and southern sites, respectively (Kruskal-Wallis rank sum test; P<0.01).
The median cattle density for the northern, central and southern sites during the study period was 11.6 (9.4-14.2), 18.6 (15.1-22.4) and 32.7 (27.5-37.1) animals per km 2 , respectively. A combination of human population density and annual rainfall could explain 71% of the variation in cattle density recorded per IP (R 2 =0.71; P<0.01). When considering all IPs across the three study sites, a 68.2% correlation between the cattle density and area of subsistence cultivation per household was evident (t=12.56, P<0.01). Within each study site, however, this correlation was less pronounced, and it was only signif- 
Owner ratio
The median number of cattle owners in the northern, central and southern sites was 292 (280-295), 1150 (1122-1168) and 1282 (1270-1290), respectively. These numbers remained remarkably stable during the study period in comparison with the cattle numbers. The maximum fluctuation in the number of owners reached 20% in the North and Centre, while the southern site was more stable, recording a maximum fluctuation of only six percent. The median cattle/owner ratio in the North, Centre and South was 16.9 (12.7-21.9), 12.7 (11.2-14.0) and 8.1 (6.8-10.3), respectively, with a significant difference between the three study sites (Kruskal-Wallis rank sum test; P<0.01). A significantly lower percentage of households own cattle in the South at 4.0% (2.4-4.6), compared to 13.7% (10.0-33.2) and 12.7% (9.3-15.1) in the North and Centre, respectively (Kruskal-Wallis rank sum test; P<0.01).
Calves and calving patterns
Calving peaked around December/January of each year with more than half (55.4%) the annual calf crop born from November to the end of February (four months). The period between the beginning of June and the end of August (three months) had the lowest calving percentages, only producing 14.5% of the annual crop. This temporal pattern was more pronounced in the central site, where 62.9% of all calves were born from November to February.
A median annual calving rate per IP of 23. 82% (17.19-29.91 ) was recorded for the entire study area. Although the calving rates varied between the years studied, there were no significant differences in annual calving rates between the study sites over the total study period, other than the significantly higher calving rate for the central site during the 2006/2007 years compared to the other two study sites (Kruskal-Wallis rank sum test, P<0.01). Table 4 shows the calving rate and the Gini index outcome per study site for each year. It is noteworthy that the three peak calving months in all study sites over the four calving seasons were the same (January, December and February -in that order).
To assess the influence of rainfall and/or NDVI on conception rates, a cross-correlation analysis of the conception rate time series (log transformed) compared to the NDVI (mean) and rainfall (log transformed) time series was conducted. This revealed a significant relationship between conception rate and both these covariates (P<0.05) with both covariates leading conception in time, but displaying different time lags. Table 5 shows the lag between peak rainfall/NDVI and peak conceptions.
Mortality
Annual mortality rates recorded per IP for the northern, central and southern sites during the study period were 2.75% (1.61-4.06), 2.35% Another latitudinal gradient was observed in calf mortality, with the North recording significantly lower calf mortality than the other two study sites (Kruskal-Wallis rank sum test; P<0.01). Actual numbers aggregated for the entire northern site over the four years, gave a remarkably low median calf mortality of 2.1%, while at an IP level, across all years, three quarters of the reported annual calf mortality rates were below 2.9%. This is in stark contrast to the South, where the median calf mortality per IP was 11.6% (5.2-21.4). In the central site, very high calf mortality was reported in 2005 and 2006 [14.6% (6.3-21. 3)] compared to the other three years studied [6.3% (3.3-9.3)]. The northern and southern sites did not show any particular temporal pattern in calf mortality within the years, while in the central site, the calf mortality was most concentrated in the short period between January and February (Gini index: 0.28).
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While no significant relationship between cattle density and annual mortality (all age groups) was found, calf mortality did show a positive correlation with cattle density, even though it only accounted for 21% of the variation in calf mortality (R 2 : 0.21; P<0.01). Adding the negative correlation that calf mortality showed with cattle/owner ratio, explained 30% of the variation in calf mortality (R 2 : 0.30; P<0.01), whilst the same combination could explain very little of the variation in the annual mortality rates for the total population (R 2 : 0.06, P<0.05). This effect was more pronounced in the South compared to the other study sites.
Off-take
The number of animals slaughtered as a percentage of the median number of animals per IP during the same time period, showed a significant difference between the North and the other two study sites, with annual slaughter percentages of 0.2% (0-1.4), 11.7% (9.2-16.5) and 11.0% (7.6-15.2) for the North, Centre and South, respectively (Kruskal-Wallis rank sum test; P<0.01). Although no distinct temporal (monthly) pattern was detected in the slaughter behaviour of the IPs, the greatest number of animals slaughtered over the entire study period was reported in January (10.3%). The highest Gini index was detected in the North (0.34), where slaughter peaked equally in January and April. Annually, and in relation to the median number of owners per IP, very low local meat consumption rates were observed in the North [0.04 cattle slaughtered per owner (0-0.16)], compared to the Central [1.6 (1.1-2.1)] and South [1 (0.6-1.1)] sites.
To get a better idea of the net movement of animals, as opposed to own/local consumption, we looked at the per-IP aggregated net permit movements per year, divided by the median number of owners at the same IP during the same period. , where owners were slightly more inclined to move animals towards the IP than away from it, i.e. buy or receive animals. In general, these permit movements and own/local consumption data indicate that owners from IPs in the North were 26 times more likely to move an animal away (sell/give) from the IP than to slaughter it locally. This contrasts with the central site, where an owner was four times more likely to slaughter an animal than move it away from the IP, and with the southern site, where an owner was twelve times more likely to slaughter one of his own animals than to move an animal towards the IP (buy/receive). Significant correlation (P<0.05) was found between slaughter and mortality in the central and southern sites. Cross-correlation analysis (Figure 4) showed that in the central site, slaughter and permit movements lead mortality rates by up to five months. In the South, slaughter and mortality peaked at the same time, or peak mortality preceded slaughter by one month. In the central site, at ten and twelve months after peak mortality, a significant influx of animals through permits occurred, possibly indicating some level of restocking. The northern site only showed a significant correlation at a lag period of three and five months, with mortality leading outgoing permit movements. The central site had the highest median net off-take rate at 16.09% (7.75-22.78 ), compared to the North at 7.23% (0.66-20.77) and the South at 8. 43% (3.96-16.62 ). The median off-take rate across all sites and years was 10. 8% (4.35-19.20) . Some concentration of off-take occurred during the winter months, mostly in the North (Gini index: 0.31).
Discussion
In just over a decade, at our Southern site, the urban areas have increased by 39% since 1993, resulting in both expanded as well as denser settlements with concomitant losses in natural vegetation and restriction of rangelands (Lambin et al., 2001; Coetzer et al., 2010; Herrero et al., 2010) . The development poses a potential threat to the natural resource base that is crucial not just to subsistence livestock farming, but also to the many people whose livelihood depends on the area's wide range of natural products (Shackleton et al., 2001; Article [Geospatial Health 2016; 11:338] [page 89] , 2003; Coetzer et al., 2010) . This urban expansion was not necessarily a result of human population increase, which in fact decreased slightly over a similar period (Statistics South Africa, 2008) . However, importantly, the cattle population in the southern site grew about five times more than the growth in the number of cattle owners during the same period. Notwithstanding, the increase of 168% in cattle had been reported previously for a six-year period in a specific village in Bushbuckridge (albeit a period immediately after the severe drought of 1992) (Dovie et al., 2006) , which was similar to our findings, mainly due to an increase in herd size rather than numbers of livestock owners (Scogings et al., 1999; Shackleton et al., 2005) . Herd accumulation in communal systems when optimal conditions prevail, may thus act as a form of insurance against adverse events (McPeak and Barrett, 2001 ). The cattle densities we report (11.6-32.7 animals per km 2 ), driven primarily by annual rainfall and human population density (Scoones, 1992b; Bourn and Wint, 1994; Wint and Robinson, 2007) , fall within a similar range as reported elsewhere. However, we also found a positive correlation between cattle density and subsistence cultivation at a broad scale (across all study sites), which has been suggested as an important determinant of cattle distribution (Bourn and Wint, 1994; Wint and Robinson, 2007) through provision of post harvest supplementary fodder (Rocha et al., 1991; Düvel and Afful, 1996; Herrero et al., 2010) . Regardless, no association between mortality or calving rates and the area of subsistence cultivation available (Mukhebi et al., 1991) could be detected in this study. The actual utilisation of crops as supplementary fodder appeared to be low as noted by Scoones (1992a) and Dovie et al. (2006) previously and buying of supplementary fodder was not common either.
Our approximation of the proportion of households owning cattle was lower than reported by others (Barrett, 1991; Shackleton et al., 2005; Moll, 2005; Dovie et al., 2006) , especially in the South, where people appeared less inclined to practice agriculture compared to, for example, the northern site. Supporting evidence comes from the lower proportion of cattle-owning households, the smaller cattle to owner ratio, and the less than one third of a hectare of land cultivated per household. While this could be ascribed to other income generating opportunities in these highly populated areas in the South, it does not necessarily equate to a lower dependence on livestock (Shackleton et al., 2005; Dovie et al., 2006) , especially when considering the much higher local meat consumption, most likely demand driven, in the South compared to the North. Concentrated or seasonal calving as a consequence of wet season conceptions that closely follow rainfall and NDVI increases, similar to what we observed, has been reported previ- ously in cattle where no manipulation of reproduction occurs (Nqeno et al., 2010; Rocha et al., 1991) . A poor conception year followed by a higher than normal one, e.g. in the Centre during 2006/2007, a phenomenon previously described (Scoones, 1992a) , is most likely related to the number of cows that are not pregnant or lactating following a low conception year and consequently not available for mating during the following year. This comes at a potential cost, since highly fertile cows that do conceive during these difficult years often succumb due to the nutritional strain demanded by pregnancy or lactation, a situation that effectively selects against higher fertility (Moyo, 1996; Swanepoel et al., 2000; Desta and Coppock, 2002; Stroebel, 2004; Stroebel et al., 2008) . Since our calving rates are based on the entire herd, not just the cows, it is difficult to compare our results directly to comparable figures published, although studies in areas similar to our study sites suggest that the cow proportion of herds is approximately 50% (Swanepoel et al., 2000; Shackleton et al., 2005; Stroebel et al., 2011) . If so, our calving rates are very similar to what others have reported in communal herds (Behnke Jr., 1985; Rocha et al., 1991; Nthakheni, 2006; Angassa and Oba, 2007; Ba et al., 2011) . A 50% calving rate, suggesting an average of one calf per cow every two years, is quite good in reproductive terms, especially considering the general lack of forced weaning (Rocha et al., 1991) and the low number of farmers who provide supplementary feed (Scoones, 1992a; Dovie et al., 2006) . We were however unable to quantify embryonic loss, abortion or stillbirths; neither could we directly estimate the role of disease, if any, in reproduction. Studies in the vicinity of our central and northern sites have reported 20-23% calves in the population with lower proportions observed in drier years (Swanepoel et al., 2000; Mahabile et al., 2005 , Stroebel et al., 2011 , which is similar to our findings in the central site.
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The annual mortality rates reported in the three study sites were relatively low (0-16%) compared to those reported in the literature (0-30%) (Rocha et al., 1991; Scoones, 1992b; Shackleton et al., 2005) . Even though we did not experience any drought during the study (which can cause mortality rates up to 70%; (Mukhebi et al., 1991; Moyo, 1996; Swanepoel et al., 2000; Barrett, 2001; Desta and Coppock, 2002; McPeak and Barrett, 2001) , the significant relationship between elevated mortality and the previous season's rainfall/NDVI, rather than that of the concurrent season, was an interesting finding. Obviously, mortality does not follow a linear relationship with precipitation and NDVI (as proxy for available fodder), but the animals are rather pushed to the brink of their nutritional resilience (Desta and Coppock, 2002; Angassa and Oba, 2007) as a longer-term consequence of these factors. Although the majority of mortality cases can generally be attributed to poor nutrition, especially during dry periods (Rocha et al., 1991; Desta and Coppock, 2002; Shackleton et al., 2005) , we cannot answer this question, as our data did not distinguish between nutritional and disease-related mortality. Since we could not quantify stock theft (which is also recorded as mortality), it is important to keep it in mind as a confounder of reported mortality figures, especially in the more densely populated areas, where it is increasing (Rocha et al., 1991; Ainslie et al., 2002; Shackleton et al., 2005) .
A similar positive correlation between cattle as well as human density and calf mortality found in this study has been reported before (Lybbert et al., 2004) . These authors further reported a negative correlation between herd size and calf mortality, which concurs at an IP level. These phenomena could stem from competition for milk, both with other calves and with humans (Wilson and Clarke, 1976; Cossins and Upton, 1987) , especially in the densely populated areas with limited grazing areas, such as in the southern site.
Off-take rates recorded during our study are slightly elevated when compared with other studies (Mukhebi et al., 1991; Rocha et al., 1991; Scoones, 1992b; Swanepoel et al., 2000; Shackleton et al., 2005; Mahabile et al., 2005; Stroebel et al., 2011) . In the South, where there is high local demand, slaughter rates were correspondingly high; however, the off-take often surpassed what natural production could replace, hence the net import of animals to IPs observed there. This high off-take rate is further exacerbated by small herd sizes and high calf mortality. The high proportion of meat consumption by the owners of small herds in densely populated areas, which is not unexpected (Mukhebi et al., 1991) , might be regarded as an encouraging increase of the integration of livestock into local markets (Jones and Thornton, 2009 ). In the North, off-take was dominated by movement of animals away from the IP, with local slaughter rates very low and peaking close to the Christmas/New Year period, start of the first school term and the Easter holidays, which might indicate some level of market intelligence. In the Centre, on the other hand, local consumption was sufficiently low in relation to natural production to allow movements away from the IPs as an additional off-take strategy. The central site had the highest off-take rate of the three study sites, confirming that overall the rates are not necessarily the highest in areas with the largest herds (Musemwa et al., 2008; Ba et al., 2011) . Our findings are most likely explained by the general lack of local markets in combination with the inverse relation between herd size and human density, limiting local opportunities to sell or slaughter for those owners with bigger herds. However, our findings of a general inverse association between movements/sales (i.e. not local/own consumption) and rainfall, concur with the findings of others (Shackleton et al., 2005) . A great variety of responses of livestock owners to adverse conditions, such as increased slaughter, increased and decreased sales, increased movements, reduction in herd size and even complete destocking have been reported in a number of communal areas in the past (Scoones, 1992a; McPeak, 2004 , Shackleton et al., 2005 . What is noteworthy in this study is the apparent proactive risk aversion strategy of owners in the Centre, which occurred both through slaughter and movements away from IPs a number of months before mortality peaked during an extended dry period as well as ostensible restocking through increased importation of animals in the more favourable months that followed. In the South, on the other hand, the timing of the response to increased mortality rates seemed to be more a case of salvage (or distress) slaughter than risk aversion, possibly because the smaller herd sizes in this study site did not allow large-scale preemptive sales/slaughter without complete, or near-complete, destocking. Surprisingly, the northern site seemed almost indifferent towards anticipated mortality, which might be a consequence of their larger herds that could buffer losses, as well as the low demand for meat from local slaughter. Off-take through (non-local) sales is not a simple matter in these study sites, especially considering the lack of commercial abattoirs or feedlots as well as the distances involved in travelling to sell cattle, often for only a few animals (Musemwa et al., 2008) . Although very low levels of competition often leads to poor prices, this problem is frequently overcome through speculators and auctions; hence the tendency to sell locally when demand allows it (Nkhori, 2004) .
From the disease risk perspective, the sloping cattle density gradient from north to south is notable, especially where direct contact with FMD must be considered, both from a likelihood of interaction with buffaloes as well as cattle to cattle spread. Also, the seasonality of calving is useful in prospectively determining the period at which most young animals would be losing their maternal immunity and would be most susceptible to disease. This is helpful in the spatio-temporal risk profiling as well as the implementation of vaccination programmes, (Ryan et al., 2007) with possible linkages between young animals and infectivity (Bengis et al., 1986; Thomson, 1996; Vosloo et al., 2005) . Furthermore, off-take strategies could influence disease spread, especially over larger distances, while local meat consumption patterns could influence zoonotic disease risk.
Conclusions
The findings we present here clearly show that a great deal of heterogeneity exists in the communal livestock component of the KNP and APNR wildlife-livestock-human interface, not only in its physical attributes, but also in the way people and animals respond to, and interact with, these attributes and each other. Such activities are important to consider, especially in disease control strategies and disease risk assessments, where they are often oversimplified or unknowingly ignored due to their indirect nature. While a number of findings could be broken down to show more details, they already increase our insight into how this unique system operates enabling us to employ risk assessment and control strategies that not only are more effective from a disease prevention point of view, but also have the least possible negative impact on the system itself. 
